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gas	 removal	 technologies	 (GGRTs);	one	such	GGRT	uses	soil	carbon	sequestration	
(SCS)	in	agricultural	land.	In	addition	to	their	role	in	mitigating	climate	change,	SCS	
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1  | INTRODUC TION
Despite	concerted	international	effort	to	curb	greenhouse	gas	(GHG)	












of	 the	need	 for	 the	wide‐scale	deployment	of	GGRTs	 is	 increasing	
(Fuss	et	al.,	2014,	2018;	Minx,	Lamb,	Callaghan,	Bornmann,	&	Fuss,	
2017;	Minx	et	al.,	2018;	Popp	et	al.,	2017;	Rogelj	et	al.,	2018).
Several	 GGRTs	 are	 under	 consideration;	 the	 most	 prevalent	
are	bioenergy	with	carbon	capture	and	storage	 (BECCS),	direct	air	
capture	 (DAC),	 enhanced	 weathering	 (EW),	 afforestation/refor‐
estation	(AR)	and	soil	carbon	sequestration	(SCS;	Fuss	et	al.,	2018;	
Minx	 et	 al.,	 2018;	 Popp	 et	 al.,	 2017;	 Smith,	 2016;	 Smith,	 Davis,	 
et	al.,	2016;	Smith,	Grant,	et	al.,	2016).	SCS	shows	several	important	
advantages	over	other	GGRTs	 (Smith,	 2016);	 it	 has	negligible	 land	
use	 impacts	 since	 it	 can	 be	 practised	 without	 changing	 land	 use	 
(a	drawback	of	BECCS	and	AR).	Besides	GGRTs,	land‐based	measures	 















GGRTs can be realised.
Conversion	 of	 undisturbed	 land	 to	 agriculture	 typically	 results	
in	a	loss	of	SOC	(Paustian	et	al.,	2016;	Six,	Conant,	Paul,	&	Paustian,	
2002).	This	human	activity	has	a	pedigree	of	12	millennia,	dating	to	








2016;	 Smith,	 2016),	 and	 is	 therefore	 a	 key	 contributor	 to	 sustain‐
able	development	goals	(Chabbi	et	al.,	2017;	Keesstra	et	al.,	2016).	






Heterogeneity	 in	 environmental	 conditions	 and	 agricultural	
practices	 challenge	 the	practical	 implementation	of	SCS	measures	
(Lal,	Negassa,	&	 Lorenz,	 2015).	 This	 complexity,	 coupled	with	 the	
low	 per‐area	 abatement	 potential,	 means	 that	 SCS	 has	 received	
comparatively	little	attention	in	the	GGRT	IAM	scenarios	literature	
(Popp	et	al.,	2017;	Riahi	et	al.,	2017).	While	several	SCS	reviews	have	









this	process.	 Since	 soil	 forms	an	 integral	 part	of	 the	vast	majority	
of	agricultural	systems,	SCS	measures	must	necessarily	 impact	the	
agroecosystem	as	a	whole,	and	this	 impact	may	directly	affect	the	
wider social and economic systems to which the agroecosystem is 




approaches	 to	 quantify	 the	 technical	 potential	 and	 externalities	 of	 SCS	measures,	
and	the	barriers	and	incentives	to	their	implementation	in	global	agricultural	systems.
K E Y W O R D S
4	per	mille,	agriculture,	greenhouse	gas	removal,	negative	emissions,	soil	carbon	
sequestration,	soil	organic	carbon




1.	 uncertainty	 relating	 to	 technical	 abatement	 rate	 and	 potential;
2. uncertainty relating to costs; and
3.	 the	potential	to	induce	a	range	of	impacts	on	the	agroecosystem	
in question.
4.	 As	a	 result	of	3,	 the	potential	 to	 induce	 further	 impacts	on	 the	
wider	social	and	economic	systems	which	are	 linked,	directly	or	
indirectly,	to	the	agroecosystem	in	question.
For	many	measures,	 the	 extant	 literature	 is	 in	 a	 position	 to	provide	
answers	 to	 each	of	 these	elements.	What	 is	 lacking	 is	 a	 framework	







2  | DEFINING A FR AME WORK FOR SC S 
ME A SURE A SSESSMENT
Soil	organic	carbon	 (SOC)	 stock	change	 is	 the	difference	between	
addition	of	organic	C	(typically	as	plant	residue)	and	losses	via	har‐
vested	 biomass	 and	 respiration	 (Paustian	 et	 al.,	 2016).	While	 the	




1.	 Optimising	 crop	 primary	 productivity,	 particularly	 belowground	
(root)	 growth,	 and	 ensure	 the	 retention	 of	 this	 organic	 matter	
in	 the	 cropping	 system	 (increasing	 C	 inputs).
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1.	 Is	 the	 specified	measure	 likely	 to	 lead	 to	 a	 significant	 increase	






This	system	allowed	for	sequential	 refinement	of	 the	 long	 list	 into	a	
shortlist	 of	measures	meeting	 the	 above	 criteria,	with	measures	 re‐
jected	 at	 each	 stage	 (Figure	 1).	 Following	 shortlisting,	 a	 framework,	
illustrated	by	Figure	1,	was	defined	against	which	the	measures	could	
be categorised and assessed.
3  | SELEC TION AND A SSESSMENT OF SC S 
ME A SURES
Following	 shortlisting	 via	 the	 selection	 process	 defined	 in	
Figure	1,	 a	 group	of	21	SCS	measures,	 deemed	 to	have	 techni‐
cal	potential	according	to	these	criteria,	were	selected.	Based	on	
further	literature	review	focused	around	each	shortlisted	meas‐
ure,	 these	 measures	 were	 sorted	 into	 categories	 representing	
consistent	 types	 of	 management	 practice,	 and	 further	 catego‐
rised	according	to	the	SCS	pathway(s)	 relevant	to	each	practice	
(Figure	2).
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3.1.1 | Prevent or control soil erosion













Private financial barriers and incentives (capital, maintenance; yield, inputs)
Permanent	 or	 semi‐permanent	measures	 are	 likely	 to	 require	 sig‐
nificant	capital	investment	(Posthumus,	Deeks,	Rickson,	&	Quinton,	
2015)	 Non‐permanent	 erosion	 control	 measures	 (e.g.	 contour	
cropping)	may	 incur	 a	 time	 cost	or	 investment	 in	 specialist	 equip‐
ment	 (Frelih‐Larsen	 et	 al.,	 2014).	 Yield	 improvements	 are	 likely	 as	
soil	 retention	 improves	 (Dorren	&	Rey,	2004;	Marques	Da	Silva	&	
Alexandre,	 2004),	 and	 this	may	 also	 reduce	 costs	 associated	with	
agrochemical	and	irrigation	inputs	(Stevens	et	al.,	2009).









Agroecosystems	 in	 lower	 catchment	 areas	 may	 lose	 fertile	 sedi‐
ments	transported	from	upper	landscape	positions	(Fiener,	Dlugoß,	
&	Van	Oost,	2015).
3.1.2 | Optimise fire frequency and timing












in	 terms	of	 the	 impact	on	SOC	 (Fynn,	Haynes,	&	O'Connor,	2003;	









Private non-financial barriers (expertise, risk, behavioural, policy)












positive	 ecological	 impacts.	 Changes	 to	 resulting	 air	 pollutant	 load	
may	also	have	ecological	impacts	(Bowman	&	Johnston,	2005).
Socio-economic externalities (health)
Uncontrolled	 fires	 present	 a	 danger	 to	 local	 populations,	 and	 all	
burns	cause	pollutant	emissions	with	associated	human	health	 im‐
pacts	(Bowman	&	Johnston,	2005).
3.1.3 | Practice reduced or zero tillage
Sequestration pathways (minimised mineralisation)
Reduced	tillage	and	no‐till	systems	preserve	aggregates	which	physi‐
cally	 protect	C	 from	mineralisation	 (Merante	 et	 al.,	 2017;	West	&	
Post,	2002).	SCS	response	is	context‐specific;	many	studies	(e.g.	van	
Kessel	 et	 al.,	 2013;	 Paustian,	 Six,	 Elliott,	&	Hunt,	 2000;	 Six	 et	 al.,	
2004)	show	a	positive	effect,	while	others	show	a	negative	or	neu‐
tral	response	(Álvaro‐Fuentes,	López	Sánchez,	Cantero‐Martínez,	&	
Arrúe	Ugarte,	 2008;	Christopher,	 Lal,	&	Mishra,	 2009;	 Sisti	 et	 al.,	
2004).	Soil	texture	is	likely	to	influence	strongly	efficacy	of	this	prac‐
tice	(Gaiser,	Abdel‐Razek,	&	Bakara,	2009).












dry soils may be enhanced and irrigation requirements may reduce 
(Pareja‐Sánchez	et	al.,	2017;	Schlegel	et	al.,	2016).
Private non-financial barriers (risk; resilience)
This	practice	may,	correctly	or	not,	be	perceived	as	likely	to	induce	
yield	 loss	 (Grandy,	 Robertson,	 &	 Thelen,	 2006);	 agronomic	 chal‐

















Sequestration pathways (primary productivity, minimised mineralisation)
Optimised	intensity	grazing	maximises	primary	productivity	and	pro‐
portionally	 increases	 belowground	 fractions	 (Garnett	 et	 al.,	 2017;	











Private financial barriers and incentives (yield, maintenance; yield)
Optimal	 stocking	 density	 should	 give	 high	 sustainable	 yield,	
though	may	 incur	 short‐term	 losses	 (McSherry	&	Ritchie,	 2013).	 If	
optimisation	 increases	 system	 complexity	 (e.g.	 rotational	 or	 mob	
grazing),	time	costs	may	be	incurred	(Waters,	Orgill,	Melville,	Toole,	
&	Smith,	2017).
Private non-financial barriers (expertise, cultural; resilience)
Effective	 optimisation	 requires	 local	 expertise.	 In	 cultures	





Environmental externalities (GHG, ecosystem, nutrients)
Optimisation	of	stocking	density	will	impact	availability	and	quality	of	
forage,	and	hence	impact	CH4	from	enteric	fermentation,	and	GHGs	






A	change	 in	herd	size	or	grazing	extent	may	 impact	system	 labour	
requirements	(Dillon,	Roche,	Shalloo,	&	Horan,	2005).
3.2.2 | Renovate unimproved pasture
Sequestration pathways (primary productivity)
Pasture	 renovation	 is	 typically	 undertaken	 to	 improve	 the	 yield	
and	nutritional	quality	of	grazing	 (Bruinenberg	et	al.,	2002;	Frame	
&	 Laidlaw,	 2011).	 Soil	C	 input	 is	 increased	 though	higher	 primary	





Murgueitio,	 Ibrahim,	 &	 Ramírez,	 2008;	 Costa	 et	 al.,	 2016;	 Fisher	
et	al.,	1994;	Stahl	et	al.,	2017).	Increased	sward	biodiversity	has	also	
been	shown	to	drive	SOC	accumulation	(Cong	et	al.,	2014;	De	Deyn	
et	 al.,	 2009;	Mueller,	 Tilman,	 Fornara,	 &	 Hobbie,	 2013;	 Rutledge	
et	al.,	2017a;	Tilman,	Wedin,	&	Knops,	1996).
Private financial barriers and incentives (maintenance, capital, inputs; yield)
Costs	 are	 likely	 to	 stem	 from	 equipment,	 maintenance	 and	 input	
requirements	 (Bruinenberg	 et	 al.,	 2002;	 Frame	 &	 Laidlaw,	 2011).	
Increased	stocking	rates	and	feed	conversion	of	grazing	animals	are	
likely	(Bruinenberg	et	al.,	2002).
Private non-financial barriers (behavioural, infrastructure; resilience)
Required	 change	 to	 habitual	 practices	 may	 present	 a	 behavioural	
barrier.	 For	 developing	 regions,	 access	 to	 the	 requisite	 expertise,	
capital	items	and	inputs	may	preclude	implementation	(e.g.	Cardoso	
et	al.,	2016).	Optimal	implementation	may	increase	system	resilience	
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to	 climate	 change,	 disease	 and	 pests	 (Barker,	 1990;	 McSherry	 &	
Ritchie,	2013).
Environmental externalities (GHG, ecosystem)











tion	of	biomass	by	 the	 cropping	 system	or	 (b)	 integrate	 additional	
biomass	producers	into	the	existing	rotations.	Both	strategies	tend	
to	increase	long‐term	ground	cover,	with	the	ancillary	effects	of	re‐
ducing soil disturbance and minimising erosion.
3.3.1 | Extend the perennial phase of crop rotations
Sequestration pathways (primary productivity, minimised 
mineralisation, minimised removal)
Diversification	 of	 arable	 cropping	 systems	 with	 perennial	 plants,	
such	as	grass	leys,	serves	to	increase	the	quantity	and	continuity	of	
belowground	 residue	 returned	 to	 the	 soil,	 and	 can	 support	micro‐







Private financial barriers and incentives (yield)
The	 majority	 of	 studies	 comparing	 to	 arable‐only	 rotations	 find	 a	
net	 reduction	 in	 arable	production	 (Johnston	et	 al.,	 2017;	Persson,	
Bergkvist,	&	Kätterer,	2008;	Prade	et	al.,	2017),	though	annual	yield	
may increase in the long term.













leaching	 (Blombäck,	 Eckersten,	 Lewan,	&	Aronsson,	 2003)	 and	 in‐
crease	main	crop	productivity	(Lal,	2004).	Poeplau	and	Don	(2015)	
showed	 that	 cover	 cropping	 can	 also	minimise	 SOC	 loss	 between	
rotations;	 systems	 avoiding	 or	 reducing	 fallow	 have	 been	 dem‐
onstrated	 to	 increase	soil	C	stocks	 independently	of	other	 factors	
(Gentile	 et	 al.,	 2005;	 Goglio,	 Bonari,	 &	Mazzoncini,	 2012;	 Goglio,	
Smith,	Grant,	et	al.,	2018).
Private financial barriers and incentives (inputs, maintenance; yield; inputs)
Establishment	 of	 this	 measure	 will	 induce	 additional	 input	 and	 time	
costs.	Main	yield	effects	are	context	specific	 (Poeplau	&	Don,	2015).	
The	 cover	 crop	may	 provide	 by‐products	 (e.g.	 green	manure)	 to	 the	
main	crop	(Ruis	&	Blanco‐Canqui,	2017),	and	use	of	some	agrochemicals	
may	also	reduce	under	some	cover	crop	rotations	(Snapp	et	al.,	2005).





Environmental externalities (GHG, ecosystem)




Socio-economic externalities (input demand)
Establishment	 of	 the	 cover	 crop	will	 require	 inputs	 (Garcia	 et	 al.,	










3.4.1 | Optimise soil synthetic nutrient input
Sequestration pathways (primary productivity)
Stoichiometric	 limitations	 to	 SOC	 accumulation	 are	 present	
in	 many	 agroecosystems	 (Kirkby	 et	 al.,	 2013;	 Van	 Groenigen	
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et	 al.,	 2017);	 optimum	SCS	 requires	N	 availability	 in	 addition	 to	
that	 required	 for	 optimal	 crop	 production	 (Kirkby	 et	 al.,	 2014).	
Optimisation	of	nutrient	 (particularly	N)	 input	 therefore	has	po‐
tential	to	maximise	yield	and	SOC	accumulation	in	arable	systems	




Suo,	Zhang,	&	Du,	2006)	 report	negative	SCS	 in	 the	absence	of	
organic	fertiliser.






Private non-financial barriers (expertise, behaviour, infrastructure; 
resilience)
Land	 manager	 expertise	 will	 be	 required,	 and	 reluctance	 to	 rely	
on	 purchased	 inputs	 may	 be	 a	 disincentive	 (Cook	 &	 Ma,	 2014).	




Environmental externalities (GHG, nutrients)
Greenhouse	gas	emissions	associated	with	production	and	applica‐
tion	of	synthetic	fertiliser	are	likely	to	increase	(Goglio	et	al.,	2012,	
2014;	 Schlesinger,	 2010).	 This	 measure	 will	 alter	 nutrient	 flows	
within	and	beyond	the	system	(Kirkby	et	al.,	2013).




3.4.2 | Practice mineral carbonation of soil
Sequestration pathways (minimised mineralisation)
Following	microbial	mineralisation,	a	proportion	of	organic	carbon	
in	 soils	 becomes	 fixed	 as	 pedogenic	 carbonates	 (Cerling,	 1984).	
Amendment	 of	 soils	 with	 weatherable	 calcium	 sources,	 such	 as	 




Private financial barriers and incentives (inputs, maintenance; inputs, yield)
Purchase	of	material	comminuted	to	maximise	GGR	is	required,	ad	
application	may	 incur	 time	 costs	 (Renforth,	 2012).	 Rigorous	 de‐
terminations	 of	 yield	 benefits	 of	 crushed	 basaltic	 rocks	 are	 few	
(Beerling	 et	 al.,	 2018),	 but	 recent	 studies	 show	 some	 successes	
(e.g.	 de	 Fátima	 Tavares,	 Carvalho,	 Camargo,	 Fátima	 Pereira,	 &	
Cardoso,	2018).
Private non-financial barriers (risk, expertise, infrastructure)
Risk	 of	 yield	 non‐response	 or	 health	 impacts	may	 disincentivise	
uptake	 (Pidgeon	&	Spence,	2017).	Lack	of	a	broad	research	base	
may	 present	 a	 knowledge	 barrier	 (Beerling	 et	 al.,	 2018).	 Global	
application	depends	on	the	ability	to	source	calcium‐bearing	sili‐
cate	 rocks	and	 to	deliver	 these	 in	 appropriate	 form	 to	 farms	 for	
application.
Environmental externalities (GHG, nutrients, ecosystem)
Mining,	grinding	and	spreading	of	rock	may	have	negative	ecological	
impacts	on	affected	areas,	and	may	lead	to	GHG	emissions	related	







Socio-economic externalities (health, input demand, labour)
Implementation	 of	 this	 measure	 is	 likely	 to	 increase	 demand	 for	
crushed	 rock	 and	 may	 reduce	 fertiliser	 demand	 (Beerling	 et	 al.,	
2018).	Quarrying	and	processing	of	these	rocks	is	widespread,	with	




Sequestration pathways (primary productivity, minimised 
mineralisation)
Optimising	soil	pH	generally	consists	of	reducing	soil	acidity	through	
application	 of	 alkaline	 calcium	 or	 magnesium	 carbonates	 or	 ox‐
ides,	 known	 as	 lime,	 or	 reducing	 sodicity	 via	 gypsum	 applications	
(Hamilton,	Kurzman,	Arango,	Jin,	&	Robertson,	2007).	Calcium	car‐
bonate‐rich	soils	provide	free	calcium,	which	binds	with	OM	to	form	
complex	 aggregates,	 providing	 physical	 protection	 from	 microbial	
decomposition	 (Tu,	 He,	 Lu,	 Luo,	 &	 Smith,	 2018).	 Optimal	 pH	 im‐
proves	soil	nutrient	availability,	increasing	primary	productivity	and	
OM	 input	 to	 soil	 (Ahmad,	 Singh,	Dijkstra,	 &	Dalal,	 2013;	Holland,	
White,	 Glendining,	 Goulding,	 &	 McGrath,	 2019).	 However,	 liming	
also	increases	C	and	N	mineralisation	(Chenu	et	al.,	2019;	Paradelo,	
Virto,	&	Chenu,	2015),	accelerating	 losses	as	well	as	 increasing	 in‐
puts	and	making	net	SCS	response	context‐specific.
Private financial barriers and incentives (inputs, maintenance; yield, 
inputs)
Lime	or	 gypsum	must	 be	purchased	 to	 implement.	Yield	 improve‐
ments	may	offset	this,	though	upfront	cash	cost	may	be	prohibitive	








Environmental externalities (GHG, nutrients, ecosystem)
Lime	application	releases	CO2	 (de	Klein	et	al.,	2006),	but	microbial	






Socio-economic externalities (input demand, labour)




These	measures	 transfer	 existing	 organic	 carbon	 to	 the	 soil	 pool.	
This	 in	 itself	 is	 soil	 C	 storage	 (Chenu	 et	 al.,	 2019),	 but	where	 this	
transfer	 to	 the	 soil	 C	 pool	 (vs.	 other	 uses)	 increases	 long‐term	 C	
removal	 from	 the	 atmosphere,	 it	 represents	 net	 sequestration.	




3.5.1 | Optimise use of organic amendments










Weil,	 2002;	 Shehzadi	 et	 al.,	 2017).	 The	 alternative	 fate	 of	 the	 or‐
ganic	material	used	 is	 important;	net	sequestration	will	occur	only	




may	also	be	possible	 to	achieve	via	 reapportionment	of	 resources	




Private financial barriers and incentives (maintenance, by-products, 
capital; yield, inputs)
Organic	fertiliser	application	has	labour	and	time	costs	in	compari‐
son	 to	equivalent	 synthetic	 fertiliser	 (Yang	et	al.,	2015),	 and	costs	





Private non-financial barriers (expertise, infrastructure; resilience)
Land	manager	expertise	is	required	to	optimise	application	rates.	
Transport	of	organic	amendments	requires	an	effective	and	low‐




Environmental externalities (GHG, nutrients)
Manure	may	be	burned	for	fuel	or	electricity;	reapportioning	risks	
‘leakage’	 if	 higher	 emitting	 processes	 fill	 this	 demand	 (Williams	
et	 al.,	 2016).	 Emissions	 from	 manure	 storage	 and	 application	
may	 change	 (de	Klein	 et	 al.,	 2006;	 Saggar,	 2010),	 and	 emissions	
from	 synthetic	 fertiliser	 production	may	 be	 indirectly	 impacted.	
Nutrient	 flows	 to	 and	 from	 the	 system	 are	 likely	 to	 be	 altered	
(Shehzadi	et	al.,	2017).





supply	 and	 demand	 for	 organic	 and	 synthetic	 fertilisers	 will	 be	
affected.
3.5.2 | Retain crop residues
Sequestration pathways (minimised removal)
Removal	 of	 crop	 residues	 for	 use	 as	 animal	 feed,	 bedding,	 fuel,	
industrial	feedstock	and	building	material	 is	common;	removal	of	
this	organic	carbon	stock	results	in	a	loss	of	SOC	(Ruis	&	Blanco‐
Canqui,	 2017;	 Smith,	 2012).	 Retention	 of	 residues	 is	 therefore	
likely	to	induce	positive	changes	in	SOC	(Wang,	Yang,	et	al.,	2015)	
and	crop	yield	 (Hu	et	al.,	2016).	Residue	 incorporation	 is	 associ‐
ated	with	 increased	N2O	and	CH4	emissions	 (Hu	et	al.,	2016;	de	
Klein	 et	 al.,	 2006;	Koga	&	Tajima,	 2011),	 but	 overall	GHG	emis‐
sions	can	be	reduced	by	use	of	appropriate	tillage	(Ball	et	al.,	2014;	
Tellez‐Rio	et	al.,	2017).
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Fertiliser	 costs	may	 be	 partially	 offset	 by	 nutrients	 from	 retained	
residues	(e.g.	Prade	et	al.,	2017).






Environmental externalities (GHG, ecosystem)
Incorporation	of	residues	may	incur	direct	N2O	and	CH4 emissions 
(de	Klein	et	al.,	2006),	though	may	offset	emissions	from	fertiliser.	
There	 is	 also	 potential	 for	 emissions	 ‘leakage’	 if	 reallocation	 pre‐




Socio-economic externalities (input demand, output supply)
Demand	for	substitute	materials	to	fulfil	foregone	applications	(e.g.	
fuels,	 livestock	 feeds),	or	 reduction	 the	supply	of	 residues	 for	off‐
system	uses,	is	likely.
3.5.3 | Apply biochar
Sequestration pathways (additional carbon, primary productivity)
Biochar	is	pyrogenic	organic	matter	produced	by	a	high‐tempera‐
ture,	 low‐oxygen	 conversion	 of	 biomass.	 Biochar	 contributes	 to	
SCS	owing	to	its	high	C	content	and	high	recalcitrance	(Lehmann,	
2007).	 In	 principal,	 this	 offers	 an	 unlimited	 sink	 for	C	 in	 soil,	 as	
well	as	more	permanent	changes	in	other	soil	properties.	General	
positive	effects	on	primary	productivity	(Jeffery	et	al.,	2017)	may	
be	 attributed	 to	 increased	 soil	 pH,	 and	 nutrient	 and	 moisture	
availability.	A	small	proportion	of	C	in	biochar	is	much	less	stable	
than	 the	 rest,	and	 the	addition	of	 labile	C	can	 induce	a	 ‘priming’	
effect	where	microbial	biomass	 is	 increased	over	 the	short	 term	
(Kuzyakov,	2010;	Kuzyakov,	Friedel,	&	Stahr,	2000).	This	effect	is	
highly	 context‐specific	 (Kuzyakov,	 2010;	 Kuzyakov	 et	 al.,	 2000;	
van	der	Wal	&	de	Boer,	2017;	Zimmerman,	Gao,	&	Ahn,	2011),	with	
reported	 examples	 of	 positive	 (Wardle,	 Nilsson,	 &	 Zackrisson,	
2008),	 neutral	 (Novak	 et	 al.,	 2010)	 and	 negative	 (Weng	 et	 al.,	
2017)	priming	effects	on	 soil	C	 stocks.	Regardless	of	 short‐term	
impact,	 long‐term	SOC	 impact	of	biochar	amendment	 is	positive	
(Liu	 et	 al.,	 2016;	 Maestrini,	 Nannipieri,	 &	 Abiven,	 2015;	 Wang,	
Xiong,	&	Kuzyakov,	2016;	Zhou,	Zhou,	Zhang,	et	al.,	2017;	Zhou,	
Zhang,	et	al.,	2017).
Private financial barriers and incentives (by-products, inputs, 
maintenance; yield, inputs)
Biochar	must	 be	 purchased	 or	 produced,	 with	 variable	 cost	 de‐









Private non-financial barriers (risk, policy, expertise, behaviour, 
infrastructure; resilience)
Barriers	to	uptake	may	include	resistance	to	increased	system	com‐
plexity,	 perceived	 risk	 of	 non‐response	 and	 reluctance	 to	 rely	 on	
purchased	 inputs;	 supply	 chain	 infrastructure	 may	 also	 present	 a	




Environmental externalities (GHG, albedo, nutrients)
Except	 for	 wet	 feedstock,	 the	 energy	 required	 for	 biochar	 pro‐
duction	 can	 be	 recovered	 from	 the	 gases	 produced	 in	 pyrolysis	
(Lehmann,	 2007).	 Application	 generally	 decreases	 N2O emissions 
(He	et	al.,	2017;	Schirrmann	et	al.,	2017)	and	CH4 emissions in the 









Sequestration pathways (primary productivity, minimised 
mineralisation)





also	 serve	 to	 inhibit	 microbial	 decomposition	 of	 SOC	 (Guo	 et	 al.,	
2017).	 Over‐irrigation	 may	 reduce	 SOC	 stocks	 through	 reduced	
plant	investment	in	root	systems,	or	increased	microbial	mineralisa‐
tion	from	frequent	wetting–drying	cycles	(Mudge	et	al.,	2017).
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Private financial barriers and incentives (capital, maintenance; yield)
Costs	are	likely	to	stem	from	investment	in	equipment,	construc‐
tion	and	system	maintenance	(e.g.	Zhang	et	al.,	2018).	These	range	




Private non-financial barriers (expertise, behavioural)
Expertise	is	required	to	implement	and	optimise	the	system,	and	the	re‐
quired	increase	in	complexity	and	maintenance	may	disincentivise	uptake.

















&	Showalter,	2010).	For	each,	 the	 resulting	woody	biomass	 inputs	
represent	a	key	route	to	SCS	(Lorenz	&	Lal,	2014);	in	addition	to	C	
sequestration	 in	aboveground	 tree	biomass,	with	ongoing	 transfer	
to	the	soil	C	pool,	tree	roots	improve	the	quality	and	quantity	of	be‐
lowground	C	inputs,	and	recover	nutrients	and	moisture	from	lower	
soil	 horizons	 (Lorenz	&	Lal,	 2014).	Overall	 agroecosystem	primary	
productivity	is	likely	to	increase	(Burgess	&	Rosati,	2018).
Private financial barriers and incentives (capital, inputs, maintenance; 
yield; by-products)
Capital	 investment	 is	 required	 to	 implement,	 together	with	 ongo‐
ing	 input	 and	maintenance	 costs	 (Burgess,	 Incoll,	 Hart,	 &	 Beaton,	
2003).	Additional	 time	 costs	may	be	 associated	with	maintenance	
or	harvesting	(Lasco,	Delfino,	Catacutan,	Simelton,	&	Wilson,	2014).	
Optimal	 implementation	 may	 increase	 primary	 crop	 or	 livestock	
production,	 though	 often	 yields	 are	 reduced	 owing	 to	 light	 and	
water	 competition	 (Burgess	 &	 Rosati,	 2018;	 Lorenz	 &	 Lal,	 2014).	
Timber,	leaves	and	fruits	may	be	harvested	from	trees	for	use	or	sale	
(Eichhorn	et	al.,	2006;	Palma	et	al.,	2018).
Private non-financial barriers (risk, behavioural; resilience)
Perceived	risk	of	yield	loss	or	other	negative	impacts	on	the	produc‐
tion	system	may	represent	a	behavioural	barrier,	and	the	long‐term	
timescale	 may	 also	 engender	 reluctance	 to	 commit	 (Mbow	 et	 al.,	
2014).	Agroforestry	systems	typically	induce	a	microclimate	effect,	
improving	the	climate	change	adaptability	of	vulnerable	agroecosys‐
tems	 (Lasco	et	 al.,	 2014;	Mbow	et	 al.,	 2014),	 as	well	 as	 improving	















SCS	 in	agricultural	 soils	 is	not,	 therefore,	 the	 identification	of	uni‐





Assessing	a	measure's	direct	 impact	on	 the	agroecosystem	 re‐
quires	 the	 consideration	 of	 possible	 effects	 on	 soil	 biochemistry,	
plant	growth	and	the	loss	of	C	and	key	nutrients.	The	range	of	mod‐
els	suitable	for	this	purpose	can	be	considered	to	form	a	continuum	










(Brilli	 et	 al.,	 2017;	Butterbach‐Bahl,	Baggs,	Dannenmann,	Kiese,	&	
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Crop	 residue	 retention	 is	one	of	 the	most	 frequently	examined	
SCS	measures	in	relevant	model‐based	studies	(Turmel	et	al.,	2015).	
Any	portion	of	the	crop	biomass	can	be	left	on	the	field	as	residue	














































(b)	the	 influence	of	crop	cover	and	management;	and	 (c)	 the	role	
of	slope	(Panagos,	Meusburger,	Ballabio,	Borrelli,	&	Alewell,	2014).	
Recent	studies	have	attempted	to	couple	USLE/RUSLE	to	simpler	
and	 more	 process‐oriented	 soil‐C	 models	 in	 order	 to	 describe	
erosion‐caused	 losses	 of	 soil	 C	 (Wilken,	 Sommer,	Oost,	 Bens,	&	
Fiener,	2017).	Modelling	is	complicated	by	(a)	the	episodic	nature	



























varieties	 and	 fertilisation‐	 and	 irrigation‐related	 parameters	 (e.g.	



















Whether	 fires	 are	 natural	 or	man‐made,	 spatial	 context	 is	 key	
for	 fire	modelling.	 Empirical	models	 utilise	 a	 simplistic	 concept	 of	
‘fire	 probability’;	 a	 function	 of	 available	 combustible	 plant	 mate‐
rial,	 fire	 season	 length,	 soil	moisture	 and	 fuel	 extinction	moisture	
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TA B L E  2  Summary	of	key	biophysical	modelling	elements	and	LCA	considerations	for	the	defined	SCS	measures	assessed.	These	
elements	are	generalisations	based	on	the	literature	review	in	Sections	3	and	4
Practice Measure
Key elements for biophysical agroecosystem 
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content	(Hantson	et	al.,	2016).	Process‐based	models	are	also	based	




specific	mortality	 and	 regeneration.	 In	 this	 context,	 the	modelling	


















puts.	 Life	 cycle	 assessment	 (LCA)	 is	 a	 standardised	 methodology	
(ISO	 14044‐2006;	 ISO	 14040‐2006)	 for	 estimation	 of	 environ‐
mental	 consequences	 resulting	 from	 system	 modification	 (CML,	
2015;	 Goedkoop	 et	 al.,	 2009;	 Goglio,	 Smith,	Worth,	 et	 al.,	 2018).	
However,	there	is	no	standardised	procedure	for	the	assessment	of	
SCS	 in	 LCA;	 apart	 from	 coupling	with	 the	 biophysical	 approaches	
described,	LCA	analyses	may	also	consider	the	consequences	of	SCS	








data	 (e.g.	 competitive	energy	and	material	 suppliers),	whose	avail‐
ability	determines	the	level	of	uncertainty	of	the	assessment	(Ekvall	
&	Weidema,	2004).














not	 unique	 in	 this	 respect	 (e.g.	 Chenu	 et	 al.,	 2019),	 in	 providing	 a	
framework	 for	 the	application	of	existing	knowledge	and	method‐
ologies	to	the	challenge	of	local‐	and	regional‐scale	SCS	implemen‐
tation,	 this	 assessment	 represents	 a	 novel	 approach	 in	 facilitating	




Calls	 for	 the	 agricultural	 economy	 to	 reflect	 ecosystem	 ser‐
vices	 provided	 by	 soil	 are	 numerous	 (e.g.	 Lal,	 2016;	 Panagos	 
et	 al.,	 2016;	 Thamo	&	 Pannell,	 2016),	 and	 in	 practice	 amount	 to	
rewarding	 farmers	 for	 implementation	of	SCS	practices,	whether	
through	direct	subsidy	(i.e.	payments	for	public	goods)	or	through	







Key elements for biophysical agroecosystem 





























TA B L E  2   (Continued)

















they	 are	 to	 be	 implemented,	 and	 hence	 require	 detailed	 under‐
standing	of	 the	management	practices	and	biophysical	processes	
in	 that	 system.	 The	 modelling	 approaches	 reviewed	 (Section	 4),	 





which	 directly	 induce	 sequestration	 (defined	 as	 in	 Chenu	 et	 al.,	
2019).	Measures	 falling	 under	 Section	3.5	 can	be	 categorised	 in	
the	former	way,	and	are	highly	dependent	on	assumptions	made	
about	 the	 alternative	 fate	 of	 the	 source	 material,	 and	 its	 com‐
parative	residence	time	in	the	soil	C	pool.	The	availability	of	this	




agricultural	 system,	 the	market	 effect	of	which	 is	 challenging	 to	
predict	(Plevin	et	al.,	2014).
Optimism	relating	to	SCS	for	GGR	is	high	(Minasny	et	al.,	2017)	
and	 the	 surrounding	 literature	 is	 developing	 at	 a	 fast	 pace	 (Minx	
et	al.,	2017).	In	identifying	a	gap	between	global‐scale	assessments	
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